Protein-bound uremic retention solutes accumulate in patients suffering from chronic kidney disease, and the removal of these solutes by hemodialysis is hampered. Therefore, we developed a dialysis technique where the protein-bound uremic retention solutes are removed more efficiently under high ionic strength. Protein-bound uremic solutes such as phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate were combined with plasma in the presence of increased ionic strength. The protein integrity of proteins and enzymatic activities were analyzed. In vitro dialysis of albumin solution was performed to investigate the clearance of the bound uremic retention solutes. In vitro hemodiafiltrations of human blood were performed to investigate the influence of increased ionic strength on blood cell survival. The protein-bound fraction of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate was significantly decreased from 59. 4% ± 3.4%, 95.7% ± 0.6%, 96.9%  ± 1.5% to 36.4% ± 3.7%, 87.8% ± 0.6%, and 90.8% ± 1.3% , respectively. The percentage of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate released from protein was 23.0% ± 5.7%, 7.9% ± 1.1%, and 6.1% ± 0.2%, respectively. The clearance during in vitro dialysis was increased by 13.1% ± 3.6%, 68.8% ± 15.1%, and 53.6% ± 10.2%, respectively. There was no difference in NaCl concentrations at the outlet of the dialyzer using isotonic and hypertonic solutions. In conclusion, this study forms the basis for establishing a novel therapeutic approach to remove protein-bound retention solutes. ASAIO Journal 2015; 61:55-60.
Patients suffering from chronic kidney disease (CKD) show an increased cardiovascular mortality and morbidity mainly due to the accumulation of protein-bound uremic retention solutes, which strongly contribute to the progression of cardiovascular diseases (CVD) and are poorly cleared by conventional dialysis therapies. 1 The kinetic parameters of water-soluble uremic retention solutes are currently used for the evaluation of dialysis adequacy [2] [3] [4] although protein-bound uremic retention solutes contribute to the development and progression of CVD in patients with CKD. 5, 6 Dialysis therapies have been optimized for the removal of lowmolecular-weight water-soluble and unbound uremic retention solutes, but not for protein-bound uremic retention solutes. 7 Protein-bound uremic retention solutes such as phenylacetic acid, 8 indoxyl sulfate, 9 and p-cresyl sulfate 10 are characterized by their hydrophobic molecular fragments, for example, aromatic phenyl groups of phenylacetic acid (Figure 1A) .
Therefore, there is a strong need to increase the portion of unbound fractions to increase the clearance for these uremic toxins. Because protein-bound uremic retention solutes are hydrophobic and charged solutes, the binding is mainly based on both hydrophobic dipole-dipole interactions and hydrophilic acidbase interactions. These uremic retention solutes bind mostly to albumin characterized by two distinct binding sites for solute. [11] [12] [13] [14] An increase in ionic strength of the surrounding solution might reduce the electrostatic interaction of solute and protein. Thus, increasing the ionic strength by infusing a hypertonic saline might be an appropriate approach; however, this approach is limited by the tolerance of blood cells and plasma proteins. Therefore, we investigated the functional and structural characteristics of randomly chosen proteins, enzymes after incubation in the presence of increased concentration of sodium chloride, and the influence of increased ionic strength during in vitro diafiltration on blood cell survival. These in vitro studies presented in this article might be the basis for further application of the technique in a clinical situation.
MATERIALS AND METHODS

Mixture of Uremic Retention Solutes with Human Plasma
In this study, we chose concentrations of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate, which are comparable to the mean plasma levels in dialysis patients for in vitro experiments (phenylacetic acid: 474.6 mg/L; indoxyl sulfate: 23.1 mg/L; p-cresyl sulfate: 20.1 mg/L). [15] [16] [17] NaCl was added to achieve a final concentration of up to 0.5 mol/L. Samples were transferred to centrifugal filters (30 kDa). Half of the plasma samples were denatured at 95°C; half was kept at room temperature. The samples were centrifuged at 3,000g for 1 hour at 4°C. 1 
H-NMR Analysis of Plasma Proteins
The structural properties of the three plasma proteins β 2microglobulin (β 2 -M), α-chymotrypsinogen (α-CH), and hemoglobin (HB) were determined using 1 H-NMR spectroscopy to analyze the protein integrity (see Appendix).
Functional Analysis of Enzymes
The enzyme activity of the randomized enzymes lactate dehydrogenase (LDH), superoxide dismutase (SOD), and alkaline phosphatase (AP) was analyzed to test the effect of increased ionic strength on their activity. Enzyme activities were determined by conventional colorimetric enzyme assay kits. Enzyme solution (10 U/ml) was incubated in physiological buffer or 0.5 mol/L NaCl or 0.01 mol/L K 2 HPO 4 .
In Vitro Dialysis of Isotonic and Hypertonic Saline Solutions
Human blood was recirculated in a predilution hemodiafiltration setup using isotonic or hypertonic predilution saline. The erythrocyte damage was determined by quantification of free hemoglobin and the standardized index of hemolysis. Two liters of sodium chloride solution (0.14-0.5 mol/L NaCl) was dialyzed for 5 minutes in a single-pass procedure (blood flow: 200 ml/min; dialysate flow: 800 ml/min). Samples were collected at the sampling ports before and after hemodialyzer.
In Vitro Dialysis of Albumin-Uremic-Toxin Mixtures
Ten liters of a solution containing 50 g/L bovine serum albumin, 0.14 mol/L NaCl, and 0.01 mol/L K 2 HPO 4 (pH value of 7.4) was mixed with the uremic toxins. This solution was stirred overnight because the kinetics of the adsorption of uremic toxins by plasma proteins is unknown. Therefore, we used the extended incubation time of uremic toxins with the albumin to ensure the equilibration of albumin and toxin. The solution was mixed with NaCl (0.18 mol/L). The solution was dialyzed in a single-pass procedure using a hemodialyzer (FX 5, Fresenius Medical Care, Germany). Samples were collected at the sampling ports before and after the hemodialyzer (albumin flow: 200 ml/min; dialysate flow: 500 ml/min). The perchloric acid was precipitated from supernatant by adding 15 mol/L KOH.
In Vitro Hemodiafiltration of Human Blood
Five hundred milliliters of heparinized blood was circulated for 3 hours using a conventional dialysis unit and dialysate (Bibag-5008, Fresenius Medical Care, Germany) (dialysate flow: 800 ml/min; blood flow: 200 ml/min) and then infused (flow: 10 ml/min) with isotonic saline (0.14 mol/L). The infused volume was removed by ultrafiltration. After 1 hour of circulation, the saline was exchanged with a hypertonic saline (1 mol/L). The free hemoglobin concentration was determined, 18 and the standardized index of hemolysis (SIH) was calculated as:
HCT 100
where SIH = standardized index of hemolysis (mg/dL); m fHB(t) = slope f HB (t) (mg/dL/min); fHB = free hemoglobin (mg/dL); HCT = hematocrit (%); V = blood volume (ml); and Q = blood flow (ml/min).
The clearance of uremic toxins was analyzed during an in vitro dialysis of a mixture of an albumin solution and the uremic toxins in the presence of increased ionic strength. Samples were collected at pre-and postdialyzer and the clearance was calculated:
where C UT = clearance of uremic retention solute (ml/min); Q = flow of the protein solution (ml/min); c post = concentration after dialyzer; and c pre = concentration before dialyzer.
RESULTS
The influence of increased ionic strength on the protein binding ratio of uremic retention solutes was investigated by using ultrafiltration of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate in plasma. Although the unbound fractions of the uremic retention solutes were quantified in the filtrate of native plasma samples, the total amounts of these uremic retention solutes were determined in the heat-denatured samples.
The filtrate concentration of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate was separated and quantified by chromatography. Figure 1B shows a representative chromatogram of deproteinized plasma spiked with phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate (recovery rate: 94.3% ± 5.2%). At physiological conditions, protein-bound phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate were found to be 59.4% ± 3.4%, 95.7% ± 0.6%, and 96.9% ± 1.5%, respectively. The protein-bound fractions of the uremic retention solutes were decreased by increased sodium chloride concentrations to 36.4% ± 3.7%, 87.8% ± 0.6%, and 90.8% ± 1.3% (p < 0.05), respectively ( Figure 1C) . In the presence of increased ionic strength, phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate are released from their protein binding by 23.0% ± 5.7%, 7.9% ± 1.1%, and 6.1% ± 0.2%, respectively.
Later, the protein integrity of three representative plasma proteins was investigated. The sodium chloride concentration was reduced after an incubation period of 30 minutes. The 1 H-NMR spectra of β 2 -M after incubation in the presence of isotonic and hypertonic ionic strength are given in Figure 2, A and B . The chemical shifts of the protons in the given data showed no significant differences between the native proteins in the controls and protein samples, which had been incubated in the presence of a hypertonic saline. The structural integrity of all three proteins was not influenced by a transient incubation in a hypertonic saline (data not shown).
To analyze the effect of a hypertonic saline on the enzymatic stability of proteins, we determined the enzyme activity in dependence on increased ionic strength. The increased sodium chloride concentrations were reduced by chromatography, and the enzyme activities were quantified using colorimetric activity assays. The relative activities of LDH, SOD, and AP were calculated (Figure 2C) . The relative enzyme activities of LDH, SOD, and AP in the controls and samples after incubation in hypertonic saline were not significantly different (49.1% ± 0.6% vs. 49.3% ± 0.2%; 40.0% ± 0.8% vs. 39.4% ± 1.7%; 47.1% ± 0.6% vs. 48.2% ± 1.2%; p > 0.05).
The individual clearance of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate in the presence of isotonic ionic strength was 82.7 ± 2.1 ml/min, 38.2 ± 4.2 ml/min, and 35.9 ± 1.8 ml/min, respectively (Equation 2). By contrast, in the presence of hypertonic sodium chloride concentration, the clearance of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate was 93.5 ± 2.1 ml/min, 64.8 ± 2.7 ml/min, and 55.2 ± 3.1 ml/min, respectively ( Figure 3A) . Thus, the clearance of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate was increased by 13.1% ± 3.6%, 68.8% ± 15.1%, and 53.6% ± 10.2% in the presence of increased ionic strength.
Sodium chloride concentrations were analyzed in the post dialyzer samples after a single-pass dialysis. Sodium chloride concentrations were determined by conductivity (Figure 3B) . Post dialyzer samples showed no significant differences in sodium chloride concentration between isotonic and hypertonic saline. The conductivity (S/m) peak area and the sodium chloride concentration showed a linear correlation (data not shown). The influence of increased ionic strength on blood cells was investigated by determination of hemolysis during in vitro hemodiafiltration. The SIH was calculated from the free hemoglobin concentration (fHB) (Equation 1 ). fHB and SIH are given in Table 1 . The SIH in the absence and presence of increased ionic strength (0.16 mol/L and 0.18 mol/L) was in the range of a conventional hemodiafiltration between 6 and 13 mg/dL.
DISCUSSION
Although protein-bound uremic retention solutes have a major impact on the morbidity and mortality of patients with CKD, the clearance of these solutes by conventional extracorporeal therapies is low until now. Therefore, there is a strong need for the development of therapies with improved removal of these solutes.
The concept of conventional dialysis focuses mainly on the removal of small water-soluble solutes. Currently, applied kinetic parameters of dialysis adequacy are based on the kinetics of water-soluble uremic toxins. 19 The elimination efficiency of conventional dialysis is based on convective and diffusive transport through the dialysis membrane. Efficiency can be improved by increasing the exclusion limits of the dialysis membranes and an increased concentration difference between blood and dialysate. 20 These uremic toxins bind to plasma proteins with a molecular weight greater than the cutoff of dialysis membranes, and therefore, conventional dialysis therapies do not sufficiently remove protein-bound uremic toxins. Therefore, they can only be removed to a sufficient extent by a significant increase in the exclusion limits of more than 50 kDa. However, membranes with pores of this size would inevitably be permeable for a large part of the plasma proteins and would lead to uncontrolled protein losses because protein binding imposes resistance against transmembrane transfer; dialytic kinetics of protein-bound uremic retention solutes is similar to those of high molecular compounds 19 although protein-bound uremic retention solutes exhibit low molecular mass characteristics. Although the molecular weight of these protein-bound solutes is less than 500 Da, these substances should be considered as high molecular weight substances. 21 The removal of protein-bound uremic retention solutes by conventional hemodialysis strategies is strongly limited because only the free fraction of the solute is available for diffusion. For example, 30% of phenylacetic acid, 8 greater than 90% of indoxyl sulfate, 22 and about 90% of p-cresyl sulfate 1 are proteinbound. The increase in the convective part improves the performance of depuration, but convection only applies to the free fraction and its beneficial effect is limited. 23 A recent analysis comparing the pre-and postdilution hemodiafiltration did not demonstrate any difference in protein-bound solute removal. 24 Disruption of association with protein and uremic solute is one possibility to significantly improve the removal of proteinbound uremic toxins. Therefore, we developed an approach for increased release of protein-bound uremic retention solutes from their protein binding, resulting in an increased clearance.
The binding of protein-bound uremic retention solutes to plasma proteins is based on electrostatic interactions. We tested whether the electrostatic interactions can be disturbed by increasing the local ionic strength: The protein-bound portion of uremic retention solutes in plasma was reduced in the presence of increased ionic strength. Increased ionic strength shifts the ratio of unbound and bound portions of these uremic retention solutes to the unbound part.
Three-dimensional structure and functional characteristics of proteins are based on electrostatic interactions and van der Waal forces. Therefore, we investigated the protein function and structures under hypertonic saline conditions by 1 H-NMR spectroscopy. The chemical shift of the protons in the 1H-NMR spectrum reveals the chemical surroundings of the protons and therefore indicates the structural integrity of the proteins. A transient incubation under hypertonic saline conditions did not significantly influence the 1 H-NMR of hemoglobin, α-CH, and β 2 -M and therefore their 3D structure. The results of 1 H-NMR studies were confirmed by enzyme activity studies of representative enzymes. LDH, SOD, and AP, which were incubated in hypertonic saline conditions, showed no significant differences in enzyme activity. Increased ionic strength has no irreversible effect on the enzymatic activity of proteins.
The benefit of hypertonic sodium chloride concentrations during dialysis was evaluated by determining the clearance of representative uremic retention solutes. Clearance of phenylacetic acid, indoxyl sulfate, and p-cresyl sulfate was significantly increased in the presence of hypertonic ionic strength. In addition, increased sodium chloride concentrations were reduced to physiological concentrations during a single pass through the dialyzer.
Based on these results, we developed a novel therapeutic approach, which consists of a conventional dialysis combined with an infusion of the hypertonic solution directly in the inlet line to the hemodialyzer. The hypertonic solution increases the local ionic strength at the entrance to the hemodialyzer. In consequence, protein-bound uremic retention solutes are released from their protein binding, which would lead to an increased dialytic removal. The excess sodium chloride is also removed by dialysis. However, because the composition of the dialysate might have an effect on the ion concentration of the blood, attention should be paid to the final ion concentration at the dialyzer outlet in future clinical application. The condition described is the compromise of a maximal clearance, low SIH, and physiologic ion concentration at the outlet of the dialyzer. An increased exposure of the salt would result in a further increased clearance but would cause negative effects on the SIH and the ionic concentration at the outlet of the dialyzer.
The novel dialysis method is principally characterized by a predilution hemodiafiltration technique. In contrast to a conventional predilution hemodiafiltration technique, we suggest the usage of a hypertonic saline as dilution solution. A schematic dialysis circuit for the hypertonic predilution hemodiafiltration approach is given in Figure 3C . Because blood contains different kinds of blood cells besides plasma proteins, the influence of increased ionic strength on blood cells was investigated by erythrocyte cell damage. The free hemoglobin levels were integrated into the SIH, which is a quality criterion of the impact of dialysis on the blood cell survival. The SIH was determined in human blood during in vitro hemodiafiltration studies in the presence of increased ionic strength. The SIH of these in vitro hemodiafiltrations were in the range of conventional dialysis treatments. Because of the limitation of the ultrafiltration volume of conventional dialysis machines to 2 L/hr, the use of 1 mol/L sodium chloride stock saline was necessary to achieve effective sodium chloride concentrations from 0.16 to 0.25 mol/L at the entrance to the dialyzer. The use of 1 mol/L sodium chloride stock saline in the present experiments caused a higher cell damage rate due to the steep gradient between the ionic strength conditions. An increased ultrafiltration rate would permit the use of less concentrated hypertonic stock saline; the consequence would result in higher effective sodium chloride concentration and simultaneously in lower cell damage rates.
The approach developed with in this study focused on modification of therapy of patients with CKD; however, the principle of an increased ion strength can be applied for liver assist therapies too. For example, acute liver failure patients are treated by extracorporeal liver support adsorption-dialysis devices to remove albumin-bound substances. 25 Implementation of hypertonic predilution hemodiafiltration technique to liver support adsorption-dialysis devices might result in an increased removal in these patients too.
However, further studies will be performed to evaluate the hypertonic predilution hemodiafiltration in an animal model to determine its safety and benefit. Because of its superior clearance of these uremic retention solutes, this novel dialysis method could be an alternative therapy in CKD stage 5d.
